Introduction
============

The ionophore salinomycin is a polyether antibiotic that is applied in veterinary medicine as an antiprotozoal agent ([@b1-br-0-0-572]). Specifically, the use of salinomycin in stockbreeding, particularly poultry, may have harmful side effects due to its severe toxicity. The data regarding human health hazards is poor; however, certain case reports show life-threatening side effects ([@b2-br-0-0-572]--[@b4-br-0-0-572]). By consuming animal products, there may be a chronic human exposure to salinomycin. Mortier *et al* ([@b5-br-0-0-572]) investigated egg samples from eight different countries in Europe for the presence of antibiotics and 20% of all samples were contaminated with salinomycin. Thus, the consequences on human health potentially caused by this chronic exposure to salinomycin appeared to warrant investigation. However, to the best of our knowledge, there are no studies on salinomycin intoxication following consumption of animal products. Szkudlarek-Mikh *et al* ([@b6-br-0-0-572]) reported that salinomycin inhibited the differentiation of preadipocytes into adipocytes, and that salinomycin was the most potent inhibitor. This was not due to apoptosis or inhibition of cell proliferation, but was closely associated with suppression of the transcriptional activity of adipogenesis. The latter was explained by the suppression of the CCAAT/enhancer-binding proteins and the peroxisome proliferator-activated receptor ([@b6-br-0-0-572]). This result raises the question of whether chronic salinomycin exposure interferes with the differentiation capability of human cells, such as mesenchymal stem cells (MSC) as well. MSC are undifferentiated cells and there are no specific markers for their identification. According to the International Society of Cellular Therapy, MSC have to meet the following criteria: Adherent growth behavior, be positive for cluster of differentiation (CD) 105, CD90 and CD73 and negative for CD14, CD11b and HLAII cell surface markers. Furthermore, MSC must have the ability to differentiate into bone, cartilage or fat ([@b7-br-0-0-572],[@b8-br-0-0-572]).

In our previous study, MSC were exposed to salinomycin for 24 h. Salinomycin did not affect any essential properties of MSC. However, dose-dependent cytotoxic effects of salinomycin on MSC were observed. In the present study, the following functional impairments of MSC following chronic salinomycin exposure were examined: Alteration of cell surface markers and differentiation capability, genotoxicity, migration, proliferation capacity and cytoskeletal architecture.

Materials and methods
=====================

### MSC isolation and salinomycin treatment

MSC were isolated from the human bone marrow of 5 voluntary patients undergoing surgery in the Department of Orthopedic Surgery, University of Wuerzburg. The study was approved by the Ethics Committee of the Medical Faculty, University of Wuerzburg (12/06; Bavaria, Germany), and informed consent was obtained from all the individuals included. The isolation of MSC was performed according to previous studies using Ficoll density gradient centrifugation (30 min, 227 × g, density=1,077 g/ml; Biochrom AG, Berlin, Germany) ([@b9-br-0-0-572],[@b10-br-0-0-572]). Subsequent to the collection of the cells from the interphase, several washing steps with phosphate-buffered saline (PBS) (Roche Diagnostics GmbH, Mannheim, Germany) containing 2% fetal calf serum (FCS) (Linaris, Wertheim-Bettingen, Germany) were performed. The isolated cells were resuspended in Dulbecco\'s modified Eagle\'s medium-expansion medium (DMEM-EM) (Gibco Invitrogen, Thermo Fisher Scientific, Karlsruhe, Germany) with 10% FCS, 1% penicillin/streptomycin (Sigma-Aldrich, Schnelldorf, Germany). After incubation at 37°C and 5% CO~2~ in DMEM-EM overnight, the tissue culture plates were washed to remove residual non-adherent cells. Every other day the medium was changed. Cell morphology was investigated by inverted microscopy (Leica DMI 4000B Inverted Microscope; Leica Microsystems, Wetzlar, Germany). MSC were treated with 100 nM of salinomycin for 4 weeks (MSC-Sal). The medium containing 100 nM salinomycin was changed every other day. MSC cultivated in DMEM-EM served as the control (MSC-control).

### Expression of the cell surface marker

The cell surface profile of MSC-Sal was investigated by flow cytometry (BD FACSCanto™; BD Biosciences, Heidelberg, Germany) as follows: Before cells were incubated on ice with 5% FCS for 1 h, they were first trypsinized and washed with PBS. Subsequently, the cells were washed with PBS and incubated with anti-CD90 (cat no. 559869), anti-CD73 (cat no. 550257), anti-CD44 (cat no. 555478), and anti-CD34 (cat no. 555820; all from BD Biosciences). The results were compared to MSC-control.

### Multi-differentiation capacity

MSC-Sal were incubated with adipogenic medium, which consisted of DMEM-EM containing 10 µM dexamethasone (Sigma-Aldrich), and 10 ng/ml recombinant human insulin. The osteogenic medium contained DMEM-EM, 10-7 M dexamethasone, 10 mM β-glycerophosophate, 50 µg/ml ascorbic acid-2-phosphate (all from Sigma-Aldrich). Cells were incubated for 3 weeks. The medium was changed every third day. The differentiation potential was examined by histological staining. Oil Red O was conducted to demonstrate the adipogenic differentiation. The von Kossa method was used to confirm osteogenic differentiation. For gene expression analysis, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was conducted. In this technique, the expression of specific marker genes for osteogenic and adipogenic differentiation was evaluated. All the samples were analyzed in triplicate for each patient. Total RNA was extracted using the RNAeasy Mini kit (Qiagen, Hilden, Germany), following the manufacturer\'s instructions. Subsequently, total RNA was reverse transcribed to cDNA using the high-capacity RNA-to-cDNA Master Mix (Applied Biosystems, Darmstadt, Germany). The RT-qPCR device (Applied Biosystems) was used. The PCR primers were purchased from Life Technologies (Darmstadt, Germany). For adipogenic differentiation gene expression of lipoprotein lipase \[LPL; accession number (AN): NM_000237.2\] and leptin (LEP; AN: NM_002303.5) were measured. The osteogenic differentiation was confirmed by the analysis of alkaline phosphatase (ALP; AN: NM_000478.4), bone γ-carboxyglutamate protein (BGLAP; AN: NM_199173.4) and runt-related transcription factor 2 (RUNX-2/cbfa-1; NM_004348.3). The amplifications for gene quantification were: 50°C for 2 min; 95°C for 10 min, and 40 cycles at 95°C for 15 sec and 60°C for 1 min. ∆CT values are presented as relative quantification, which were normalized to the gene expression of the reference gene GAPDH (AN: NM_002046.3).

### Cell migration

The scratch assay was used to clarify a possible alteration in MSC migration induced by chronic exposure to 100 nM salinomycin. MSC cells (1×105 cells/ml) were cultivated in a 12-well round bottom plate at 37°C. After 24 h, a straight-line wound was induced with a sterile 1-ml pipette tip. Following this, culture plates were washed with PBS, images were captured (t=0 h) and incubated for another 24 h at 37°C with 5% CO~2~. To analyze the relative migration, images of the plates were captured (t=24 h) (Leica DMI 4000B Inverted Microscope) and the percentage of the wound closure was evaluated. The area between the wound borders at time t=24 h was defined as the percentage of wound closure compared to the wound borders at time t=0 h. The calculation was investigated using ImageJ (version 1.43u). MSC cultivated with DMEM-EM served as the control. The experiment was performed in triplicate using MSC of all patients (n=5).

### Immunocytochemical analysis of α-tubulin

MSC-Sal were washed several times with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature (RT). Another 5 min of fixation with acetone at RT was performed. Subsequently, cells were incubated with 10% bovine serum albumin (BSA) (Carl Roth GmbH, Karlsruhe, Germany) in Tris-buffered saline 200 mM Tris-base (pH 8), 8% NaCl and 1% Tween-20 (TBS-T) (all from Sigma-Aldrich). Incubation of MSC in TBS-T containing 1% BSA plus a mouse monoclonal antibody against α-tubulin (1:500; Sigma-Aldrich) was followed for 10 h. After three washing steps with TBS-T (each step 5 min), MSC were incubated for 1 h in 1% BSA at RT with Alexa 488 goat anti-mouse secondary antibody 1:500 (Gibco Invitrogen) and 5 mg/ml DAPI (Sigma-Aldrich). A fluorescence microscope (Leica DMI 4000B Inverted Microscope) was used for cell examination.

### Proliferation analysis

The expression of Ki67 was investigated via immunocytochemical analysis and RT-qPCR. A mouse monoclonal antibody against Ki67 (1:500; Sigma-Aldrich) was used. The gene expression of Ki67 (AN: NM_002417.4) (Applied Biosystems) was measured by RT-qPCR.

### Genotoxicity

The alkaline single-cell microgel electrophoresis (comet) assay was performed for verification, for example, of possible DNA strand breaks. MSC were treated with 100 nM of salinomycin for 4 weeks. The slides were prepared as previously described by Buehrlen *et al* ([@b11-br-0-0-572]). The slides were observed by fluorescence microscopy (magnification, ×400; DMLB Leica Microsystems) with the following filters: A green excitation filter (515--560 nm band pass), a dichromatic beam splitter (580 nm long pass), and an emission filter (590 nm long pass). In every sample, 100 cells were counted. For the DNA fragmentation analysis, the KOMET 5.5 image system (Kinetic Imaging, Liverpool, UK) was used. Tail DNA (TD), tail length (TL) and Olive tail moment (OTM) as a product of the median migration distance and the percentage of DNA in the tail were measured, as previously described by Olive *et al* ([@b12-br-0-0-572]). The comet assay was performed for all MSC-Sal (n=5) and MSC-control (n=5).

### Statistical analysis

All the data were transferred to standard spreadsheets and analyzed by statistical analysis (GraphPad Prism 5.0 software; GraphPad, Inc., La Jolla, CA, USA). The Kruskal-Wallis test was carried out to evaluate statistical significance. P\<0.05 was considered to indicate a statistically significant difference and are shown by an asterisk.

Results
=======

### Cell morphology and multidifferentiation capacity

The two cell groups, MSC-Sal and MSC-control, maintained their typical spindle-shaped fibroblast-like morphology. Salinomycin did not induce any signs of apoptosis or senescence. The cell surface analysis revealed that MSC-Sal and MSC-control were positive for CD90, CD73 and CD44, and negative for CD34 ([Fig. 1](#f1-br-0-0-572){ref-type="fig"}).

MSC-Sal and MSC-control were cultivated in osteogenic and adipogenic medium. The multidifferentiation capacity was examined via staining methods, as well as with RT-qPCR. The Oil Red O and the von Kossa staining showed that MSC-Sal and MSC-control were able to differentiate into adipocytes and osteocytes. These results were confirmed by RT-qPCR. The gene expression for osteogenic and adipogenic differentiation was detectable in MSC-Sal and MSC-control following cultivation in adipogenic and osteogenic medium. The ∆CT values showed no significant differences ([Fig. 2](#f2-br-0-0-572){ref-type="fig"}).

### Migration capability

The scratch assay was used to determine a possible influence of chronic salinomycin exposure on MSC migration. After a repair period of 24 h at 37°C, the wound area was controlled and the level of wound closure measured. The assay showed a significant inhibition of MSC-Sal ability in closing the wound area compared to the MSC-control ([Fig. 3](#f3-br-0-0-572){ref-type="fig"}). MSC-control induced 70% wound closure while MSC-Sal was only able to show a wound closure of 40%.

### Immunocytochemical analysis of α-tubulin

To examine whether the migration impairment induced by salinomycin is associated with changes in MSC cytoskeletal structure, immunocytochemical analysis of α-tubulin was performed. MSC-Sal and MSC-control showed no effect on their cell cytoskeletal structures. There were no signs for disruption of the tubulin fibers or structural instability in MSC-Sal and MSC-control. The shapes of the two cell types (MSC-Sal and MSC-control) did not show any differences ([Fig. 4](#f4-br-0-0-572){ref-type="fig"}).

### Proliferation analysis

The expression of Ki67 was investigated to evaluate possible changes in the activity of cell proliferation. The immunohistochemical analysis of Ki67 revealed no differences between MSC-Sal and MSC-control. The results were confirmed by RT-qPCR. ∆CT values in [Fig. 5](#f5-br-0-0-572){ref-type="fig"} show no statistical significant difference between MSC-Sal and MSC-control ([Fig. 6](#f6-br-0-0-572){ref-type="fig"}).

### Genotoxicity

The comet assay was performed in MSC-Sal and MSC-control. In all samples, no significant increase in the OTM, as an indicator for genotoxic effects, was observed. MMS as a positive control induced a significant increase in DNA breakage. Data are presented in [Fig. 5](#f5-br-0-0-572){ref-type="fig"}.

Discussion
==========

Ionophores, such as salinomycin, induce toxicity by increasing the intracellular sodium concentration, which consecutively increases the intracellular Ca^2+^ concentration due to the Na^+^/Ca^2+^ exchange in the plasma membrane and mitochondria ([@b13-br-0-0-572]). This proton exchange leads to an alteration in pH, and thereby increases osmotic pressure inside the cell, which may lead to apoptosis ([@b14-br-0-0-572]). Ionophores show a broad spectrum of biological activity, such as antibacterial activity, particularly for Gram-positive bacteria and also including antibiotic-resistant *S. aureus*, as well as antiviral and antiparasitic activity ([@b15-br-0-0-572]). In target animal species, such as poultry, salinomycin did not exhibit any toxic side effects. The toxicity of ionophores, such as monensin, has also been investigated. Todd *et al* ([@b16-br-0-0-572]) could identify acute toxic symptoms, such as anorexia, hypoactivity, skeletal muscle weakness, ataxia, diarrhea, decreased weight gain and delayed fatalities induced by monensin. Chronic exposure also resulted in anorexia, weakness, ataxia and increased serum muscle enzyme combined with severe skeletal muscle degeneration and necrosis ([@b16-br-0-0-572]). The data concerning salinomycin toxicity in humans is extremely poor and divergent. In a clinical pilot study of a patient with metastatic invasive ductal breast cancer, systemic salinomycin application of 200 µg/kg every other day was tolerated extremely well ([@b17-br-0-0-572]), and resulted in a significant reduction in the cancer. The same effects were observed in patients suffering from head and neck cancer as well as from ovarian cancer. The side effects of intravenous salinomycin following administration were tachycardia and mild tremor ([@b17-br-0-0-572]). By contrast, there are certain case reports postulating harmful side effects induced by salinomycin, such as rhabdomyolysis and renal failure ([@b2-br-0-0-572],[@b4-br-0-0-572]). These divergences between the results of case reports and clinical pilot studies may be due to differences in the dosage of salinomycin. In our recent study, 10--20 µM salinomycin induced cytotoxic effects in human peripheral lymphocytes and nasal mucosa cells *in vitro* ([@b18-br-0-0-572]). However, no genotoxic effects were detectable at subcytotoxic levels. In the clinical studies, the dosage of salinomycin ranged from 200--250 µg/kg. All the patients experienced a reduction in the cancer, but complete remission was not achieved. Hypothetically, this may be due to the dosages of salinomycin applied. Higher amounts of salinomycin could have a more potent effect on the cancer. Story and Doube ([@b2-br-0-0-572]) described an accidental ingestion of salinomycin by a farmer. The dosage was not determined, however, it was estimated that 1 mg/kg of the body weight was swallowed. This resulted in life-threatening neuropathia, rhabdomyolysis and a 6-week hospitalization ([@b2-br-0-0-572]). Therefore, the biological hazards in humans induced by salinomycin have to be explored in greater detail as well.

In our previous study, acute exposure of salinomycin to MSC revealed a dose-dependent attenuation of cell viability without affecting the cell migration capability ([@b19-br-0-0-572]). The ability of MSC to differentiate into osteocytes and adipocytes remained unchanged after treatment with salinomycin for 24 h. As chronic exposure affects the differentiation of adipocytes, it was worthwhile to investigate whether chronic exposure of salinomycin inhibits the multipotency of MSC as well. In the present study, the staining methods and gene expression analysis revealed no alteration in MSC multipotency following chronic salinomycin exposure as compared to the control group. The cell cytoskeletal structure was also not affected. Notably, however, the migration capability of MSC attenuated significantly following chronic exposure to salinomycin. One possible explanation of this phenomenon may be the regulation of the C-X-C chemokine receptor type 4 (CXCR4) by salinomycin. CXCR4 is a ligand of the chemokine stromal-derived factor-1, and both have an important role in the mediation of MSC migration ([@b20-br-0-0-572]). Liu *et al* ([@b21-br-0-0-572]) demonstrated an enhancement of MSC migration following gene modification of MSC with CXCR4. Larzaba *et al* ([@b22-br-0-0-572]) investigated the effects of salinomycin on lung primary tumors and metastasis, and in this study, salinomycin reduced the expression of CXCR4 significantly. CXCR4 is highly expressed by MSC within the bone marrow and is markedly reduced during *in vitro* expansion ([@b23-br-0-0-572]). The chronic exposure of salinomycin may have induced a reduction in CXCR4. The evaluation of CXCR4 and possible shortcomings of the present study will be addressed in future studies: First, an exposure of 4 weeks with salinomycin may be too short to detect side effects. Second, MSC have a considerable ability to restore their biological behavior. In the present study MSC were treated for 4 weeks with salinomycin. Following this period they were cultured in expansion medium with supplements either for adipogenic or osteogenic differentiation. During the differentiation process, MSC were not exposed to salinomycin. This may have had an impact on the regeneration of the differentiation capability.

In conclusion, salinomycin induced a significant attenuation of MSC migration, while differentiation, as well as cell morphology and proliferation, were unchanged. Further investigations, for example with different primary human cells, are required in order to evaluate the potential cytotoxic effects of acute and chronic salinomycin exposure.

![Microscopic analysis of (A) MSC-control and (D) MSC-Sal. The differentiation of (B) MSC-control and (E) MSCSal into adipocytes is illustrated with Oil Red O staining, and shows the intracellular lipid droplets. The differentiation of (C) MSC-control and (F) MSC-Sal into osteocytes was measured by van Kossa staining and characterizes mineralization by marking the mineral components. MSC, mesenchymal stem cells.](br-04-03-0325-g00){#f1-br-0-0-572}

![Analysis of gene expression with RT-qPCR. MSC-Sal and MSC-control were differentiated into adipocytes and osteocytes. The differentiations were confirmed with RT-qPCR. Salinomycin did not alter the gene expression for adipogenic and osteogenic differention as compared to the control. RT-qPCR, reverse transcription-quantitative polymerase chain reaction; MSC, mesenchymal stem cells; BGLAP, bone γ-carboxyglutamate protein; RUNX-2, runt-related transcription factor 2; LEP, leptin; ALP, alkaline phosphatase; LPL, lipoproteinlipase; ns, not significant.](br-04-03-0325-g01){#f2-br-0-0-572}

![Analysis of (A and B) MSC-control and (C and D) MSC-Sal migration capability. A wound was generated at time (A and C) t=0 h. After 24 h the areas of wound closure were measured with the program ImageJ. The statistical evaluaton revealed a significant attenuation of migration capability in (E) MSC-Sal. MSC, mesenchymal stem cells. \*P\<0.05.](br-04-03-0325-g02){#f3-br-0-0-572}

![Immunohistochemical analysis of (A) MSC-control and (B) MSC-Sal using α-tubulin antibodies. The cytoskeletal structure of MSC-Sal was not altered by salinomycin. MSC, mesenchymal stem cells.](br-04-03-0325-g03){#f4-br-0-0-572}

![Comet assay was performed in MSC-control and MSC-Sal to search for genotoxic effects. In all samples, no significant increase in the Olive tail moment (OTM) was observed. MMS served as a positive control. MSC, mesenchymal stem cells; MMS, methyl methane sulfonate. \*P\<0.05.](br-04-03-0325-g04){#f5-br-0-0-572}

![Immunhistochemistry staining of cell nuclei. (A) MSC-control and (B) MSC-Sal nuclei were positive for Ki67. (C) Reverse transcription-quantitative polymerase chain reaction showed no significant differences in Ki67 gene expression between MSC-control and MSC-Sal. MSC, mesenchymal stem cells.](br-04-03-0325-g05){#f6-br-0-0-572}
